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Introduction
High-grade gliomas (HGGs) account for approximately 81% of malignant brain tumors in adults and carry a devastating prognosis. 1, 2 This disease can affect patients of any age and results in more lost years of life than any other brain tumor. Standard of care includes surgical debulking when possible as well as adjuvant chemotherapy and radiation therapy. Patients are closely monitored with magnetic resonance imaging (MRI) in order to detect the earliest signs of disease progression, which may prompt initiation of secondand third-line therapies while the performance status of patients allows additional treatment. However, conventional MRI often falls short of confidently distinguishing early stages of tumor progression from treatment-related changes, including necrosis and pseudoprogression. Both tumor progression and treatment-related changes can exhibit hyperintense signal on fluid-attenuated inversion recovery (FLAIR) images, mass effect and contrast enhancement. 3, 4 Therefore more advanced imaging methods are needed to reliably differentiate these processes in order to optimize therapy modulation.
MR perfusion may offer one such method to differentiate the more metabolically active and hyperemic tumor progression from the relatively ischemic treatment-related changes. The first iterations of MR perfusion technology, including dynamic susceptibility contrast (DSC) and dynamic contrast enhancement (DCE), require an intravenous (IV) bolus of gadolinium-based contrast and provide a map from which relative changes in perfusion can be detected.
The newer arterial spin labeling (ASL) MR perfusion imaging offers a quantitative alternative to contrast-enhanced perfusion imaging, and does not require gadolinium-based contrast. Previously published data supporting the use of ASL for evaluation of progression from treatment-related changes are limited by both qualitative approaches, and, more important, the lack of pathological confirmation of disease status, with reliance on clinical and/or radiographic stability over time as evidence of absence of disease progression. 5, 6 The purpose of this study is to quantitatively describe ASL perfusion characteristics using the largest series of biopsy-proven tumor progression. We compared the effectiveness of ASL with conventional contrast-enhanced T1-weighted (T1W-CE), T2-weighted FLAIR and apparent diffusion correlation (ADC) maps for the detection of tumor progression. We then correlated the absolute value of cerebral blood flow (CBF) with the ratio of tumor vs treatment-related changes within the sample. We hypothesized that ASL would be more sensitive than T1W-CE or FLAIR for detection of tumor progression and that ADC values would be lower within the tumor compared with the contralateral side. We also hypothesized that CBF would directly correlate with the degree of tumor burden in the histologic samples.
Materials and methods
The study was institutional review board approved and Health Insurance Portability and Accountability Act (HIPAA) compliant. A retrospective review of pathology reports from patients with suspected recurrent or progressive HGG (World Health Organization Grade III or IV) including anaplastic astrocytoma and glioblastoma diagnosed at University of Colorado Hospital from 2011 to 2014 was performed. Patients were included if they had previously been treated with chemotherapy, radiation and surgery according to standard of care, and later underwent biopsy or reresection during follow-up for suspected disease progression, and had diagnostic ASL imaging performed on a single 3 T MRI scanner prior to biopsy. None of the patients in this study had been treated with antiangiogenic agents.
Imaging protocol
All patients were imaged on a Signa HDxt 3.0 T MRI scanner (GE Healthcare, Milwaukee, WI). MRI examination protocols included T1W fast spin echo (FSE) imaging before and after weight-based IV administration of gadobenate dimeglumine (section thickness, 5 mm; gap 0.5 mm), T2W (section thickness, 5 mm; gap 0.5 mm), T2-FLAIR (inversion time (TI) ¼ 2800; section thickness, 5 mm; gap 0.5 mm), diffusion-weighted (three directions, b ¼ 1000 s/mm 2 ; section thickness, 5 mm; gap 0.5 mm) and GE three-dimensional (3D) pseudo-continuous ASL imaging (points, 512; arms, 8; nex, 3.00; bandwidth, 62.5; post-label delay, 2025.0 ms; section thickness, 4 mm; gap 0 mm). Crusher gradients were applied to ASL source data eliminating potential arterial signal. Based on the ASL data set, CBF maps were generated using the GE FuncTool software suite (version HDxp 23.0).
Imaging assessment
Three subspecialty certified neuroradiologists (''reviewers'') reviewed pre-biopsy ASL images for all participants. Although all biopsies ultimately proved tumor progression, reviewers were blinded to this at the time of evaluation. Using the post-biopsy T1W-CE images in conjunction with the operative note as a reference, the biopsy site was delineated on the prebiopsy T1W-CE images and subsequently on the corresponding ASL images using a localizer. A uniformly sized region of interest (ROI) measuring 0.44 cm 2 was then placed on the ASL image in the region of highest signal within the biopsy site. An additional ROI was then placed at the mirror-image site on the contralateral side, with attention paid to match tissue type (i.e. gray and/or white matter) as a proxy for normal perfusion. ROIs were selected by consensus by the reviewers. Reviewers were blinded to the other prior, concurrent and subsequent diagnostic conventional MRI sequences and to the radiology reports. ASL was deemed positive for tumor progression if lesional CBF was increased relative to the contralateral side. CBF ratio as defined by CBF lesional /CBF contralateral was calculated. Lesional and contralateral ADC values were also recorded.
Following a one-month hiatus to prevent recall bias, the T1W-CE and FLAIR images from studies concurrent with and prior to the ASL images were reviewed for signs of disease progression. T1W-CE and FLAIR images were assessed in accordance with the Response Assessment in Neuro-Oncology (RANO) response criteria.
Finally, post hoc review of the patient database was performed to consider any previous available ASL and conventional imaging, and descriptive statistics were calculated.
Histopathological assessment
A single neuropathologist (BKD) with more than 20 years' experience, blinded to radiologic findings, reviewed each slide to estimate the percentage of tumor progression and treatment-related changes. Resected cortex or fibrotic areas from previous surgical procedures were not included in the denominator. Semi-quantitative scoring was performed visually. Samples that contained material other than tumor or treatment-related changes, e.g. one case with Surgicel granuloma, were excluded. All slides were reviewed without the original pathologic report, although post hoc comparison of the reports provided for this study with the original clinical reports revealed no substantial differences.
A second analysis was performed correlating the percentage of tumor in the sample with the degree of CBF. Five samples obtained from stereotactic biopsies were excluded from the second analysis, as they were not believed to be representative of the entire tumor. Gross samples from two other patients who demonstrated predominantly tumoral microcysts were also excluded from this comparison.
Statistical methods
Patient demographics were collected from the medical record. Clinical details including tumor grade and time interval between ASL imaging and biopsy were recorded. Descriptive statistics were calculated for patient demographics and clinical findings. Paired t-tests were used to compare mean CBF in the tumor with corresponding CBF values on the unaffected side. A general linear multivariate model 7 was used to evaluate the association between ADC and CBF on the lesion side. Outcomes included intra-voxel CBF within the lesional ROI. The Hotelling-Lawley trace was used to test the null hypothesis of no association between ADC and lesional CBF, at an alpha level of 0.05, using ADC as the primary predictor. The sensitivity of ASL was compared with the sensitivities of T1W-CE and FLAIR sequences for identification of tumor progression using McNemar's tests with continuity correction. Percentage of tumor was compared with degree of CBF using a Pearson's correlation.
Results
Twenty-two patients were included. All biopsies included in this study were positive for disease progression and all resection samples demonstrated greater than 50% tumor (55-95%). The median time between ASL imaging and biopsy was 15.5 days (range: 2 to 489 days). Demographic and tumor characteristics are shown in Table 1 .
Sensitivity for tumor detection
ASL was positive in all cases. Tumoral CBF ranged from 22 to 175 ml/100 g/min, with a mean of 71.0 AE 34.7 ml/100g/min on the lesional side, and 24.0 AE 12.4 ml/100 g/min on the contralateral side (p < 0.001). Relative CBF ratio ranged from 1.65 to 7.62 with a mean of 3.37 AE 1.71.
T1W-CE and FLAIR images suggested tumor progression in 15 and 16 cases, respectively, yielding sensitivities of 68.2% and 72.7%, respectively. ASL was significantly more sensitive than both T1W-CE (p ¼ 0.0233) and FLAIR (p ¼ 0.0412) sequences. Mean ADC was 976.05 AE 335.96 Â 10 -6 mm 2 /sec; there was no association between ADC and CBF (p ¼ 0.687).
Tumor burden and CBF
Fourteen pathological samples were deemed suitable for estimation of tumor percentage. Tumor percentage ranged from 55% to 95% with a mean of 73.6 AE 12.3%. Pearson's analysis revealed a significant correlation between the proportion of tumor burden and degree of hyperperfusion r ¼ 0.5347 (p ¼ 0.048). This correlation is demonstrated in Figure 1 .
Review of available prior imaging
Post hoc review of the medical record revealed previous MRI for all but three of the patients in our series; one of these three was negative for both T1W-CE and FLAIR changes prior to biopsy. Thirteen patients with T1W-CE positivity on the pre-biopsy scan had at least one prior MRI with ASL, and five of these (38.5%) had ASL positivity prior to contrast enhancement. Fourteen patients with FLAIR positivity on the pre-biopsy study had one such study, and three of these (21.4%) demonstrated ASL positivity prior to FLAIR positivity. ASL was found to be positive up to 20.5 months prior to T1W-CE and up to 10.5 months prior to FLAIR. In none of the cases were T1W-CE or FLAIR images positive before ASL.
Discussion

Biology of tumor and treatment
Tumor progression and treatment response each involves a complex interplay of the proliferative changes of vasculogenesis and infiltration of viable tumor cells as well as multiple therapeutic effects including endothelial cell death, vascular thrombosis, hemorrhage and tumoral and neuronal cell death. These processes occur in the setting of a disrupted blood-brain barrier and increased interstitial water, and distinguishing these phenomena on conventional MRI has proved difficult. [8] [9] [10] [11] [12] However, these processes differ markedly in their metabolic demand and required blood supply. Neovascularization is an early step in tumor growth and is required to facilitate the diffusion of oxygen and other metabolites if a tumor is to grow beyond the tissue of origin. HGGs can recruit nutrient supply by vascular cooption, angiogenesis, vasculogenesis, and transdifferentiation of relatively pleuripotent glioma cells into endothelial cells and pericytes. 13 This neovasculature intermixes with native vasculature, facilitating hyperperfusion relative to normal brain. The importance of neovascularization in tumor characterization and grading has been well established, [14] [15] [16] and it has been shown to be an independent prognostic indicator. 13, 17 This state of vascular proliferation is in sharp contrast to the relatively ischemic state found with treatment-related changes. 18 Perfusion imaging highlights this important difference, and even a mild increase in perfusion may represent tumor progression ( Figure 2 ). Moreover, this state of hyperperfusion precedes the more macroscopic tissue changes detectable by conventional images. DSC perfusion has been shown to demonstrate hyperperfusion up to a year before contrast enhancement develops. 15, 19 Likewise, in our series, of the patients with positive findings on conventional imaging on their pre-biopsy MRI, ASL was positive on one or more previous MRI studies prior to T1W-CE in 38.5% of cases and prior to FLAIR in 21.4% of cases ( Figure 3) .
ASL has been shown to correlate histopathologically with vascular proliferation, defined by the number of microvessels per sample. 20 The clinical utility of this has been shown by previous investigators who demonstrated that contrast-enhanced MR perfusion imaging may have a significant impact on therapeutic decision making when interpreted and enacted on by experienced multidisciplinary neuro-oncological teams. 21 Furthermore, quantification of tumoral CBF has been shown to demonstrate good to excellent inter-observer reproducibility. 22 We performed a post hoc analysis to investigate whether there was a correlation between the percentage of tumor within the resection sample and the quantitative measure of CBF. Despite the rather small sample size for this sub-analysis with only 14 individuals, the correlation between these metrics was significant (p ¼ 0.048). However, given the variability of perfusion we observed in absolute terms, heterogeneity of tumor genetics and subtypes, confounding effects of antiangiogenetic drugs, etc., it would be premature to extrapolate these data to infer that absence of hyperperfusion implies absence of viable tumor.
It has been suggested that restricted diffusion on ADC images may suggest tumor progression. [23] [24] [25] Our tumoral ADC values tended to fall within the threshold of less than 1300 Â 10 -6 mm 2 /sec described by Bulik et al.; 25 however, this finding lacked specificity in our population and warrants further investigation.
ASL versus dynamic contrast methods
Dynamic contrast-bolused perfusion techniques were developed prior to ASL and are supported by a broader body of literature. ASL has been criticized as suffering from low signal to noise relative to contrast-bolused perfusion methods; however, 26 more recent studies have shown that ASL may be preferred compared with DSC in hyperperfused tissue. 27 Indeed, in this series, ASL signal was able to show excellent quantitative differentiation between tumor and normal tissue. DSC also assumes an intact blood-brain barrier. Various methods are typically applied including smoothing algorithms and preloading of contrast, to attempt to correct for this shortcoming. ASL is less prone to susceptibility artifacts than DSC. 11 Without need of an exogenous contrast agent, ASL does not require specific bolus timing and is repeatable. ASL has the notable advantage of offering quantification of CBF, rather than a qualitative assessment.
Finally, these data are timely for another reason. Gadolinium-based contrast agents were assumed to be routinely chelated, excreted and eliminated. After years of widespread usage, that view began to change as the very rare phenomenon of nephrogenic systemic fibrosis became widely publicized. Until recently, lack of complete clearance was thought to be found only in patients with renal failure. Recently, however, T1 shortening has been described in the basal ganglia and dentate nuclei of patients who had received gadodiamide and gadopentatate dimeglumine. [28] [29] [30] Autopsy reports have demonstrated that gadolinium can cross the bloodbrain barrier and deposit within neuronal interstitium after as few as four lifetime doses, regardless of hepatorenal function. 31 Potential clinical implications of this are yet unknown. Although macrocyclic gadoliniumbased contrast agents may prove to be much safer and will likely play an important role in clinical imaging for some time, it is not unreasonable to begin considering post-gadolinium-era paradigms.
Limitations
The lack of samples with predominantly treatmentrelated changes or pseudoprogression in our data precluded an analysis of specificity of ASL in this population. This reflects the reluctance of neurosurgeons at our institution to operate without considerable suspicion for disease progression. Therefore, it is rare for biopsies to return findings other than tumor progression. The ability of ASL to differentiate between true response and pseudoresponse of patients receiving anti-angiogenic therapy such as bevacizumab on ASL perfusion imaging was also not evaluated because of lack of an adequate sample size.
Conclusion
We present the largest series of biopsy-proven progression of treated HGGs studied with ASL. ASL is a readily available MRI sequence that can reliably detect disease progression and was more sensitive to this change than conventional T1W-CE and FLAIR. The degree of CBF may correlate with tumor burden in the sampled tissue. In our cases of tumor progression in which T1W-CE and FLAIR as well as ASL sequences were positive, ASL detected tumor progression earlier than either of these conventional sequences in 21-38% of cases. ASL offers several advantages over the more widely used DSC including the lack of need for gadolinium-based contrast agents and quantitative cerebral perfusion maps.
